Quaternised poly(4-vinylpyridine) anchored on a macroporous poly(trimethylolpropane trimethacrylatemethylmethacrylate) resin, as cocatalyst in the cobaltphthalocyanine catalysed oxidative coupling of 2-mercaptoethanol Ratering, M.T.; Meuldijk, J.; Piet, P.; German, A.L. Please check the document version of this publication:
Introduction
The effects of cationic polymers on the oxidative coupling of thiols into disulfides in the presence of cobalt(II)phthalocyanine-tetra(sodium sulphonate) (CoPcTS, see Fig. 1 ) have been extensively studied [1] [2] [3] .
RSH + 02 ~ 2 RSSR + 2 H20
(1)
Cationic polymers like protonated polyvinyl amine, quaternised poly(4-vinylpyridine) and poly(quaternary ammonium) salts (ionenes) strongly increase the reaction rate as compared with that observed for the conventional CoPcTS/OH-system. For the application of the catalyst in continuous processes or for its reuse, immobilisation simplifies the operation.
Van Streun et al. [4] immobilised 2,4-ionene onto a macroporous styrene-divinylbenzene resin (XAD-2). The modified resin has been used as a support for CoPcTS com- plexes. A complete penetration of CoPcTS into the interior of the particles failed because the average pore diameter of 10 nm is too small to allow transport of the active complex. The number of accessible binding sites for CoPcTS is, therefore, lower than in the homogeneous system. Together with a reduced flexibility of the polymer chains in the pores and a rather unfavourable molar ratio of the cationic groups and the CoPcTS centres, this leads to a considerable loss of activity. Therefore, immobilisation with retention of the activity requires a resin with much larger pores. In such a case the microenvironment of the immobilised cationic polymer is approximately identical to that in the homogeneous situation, leading more or less to retention of the activity. Styrene-divinylbenzene is the most extensively studied macroporous polymer support [5, 6] . The macroporous texture for these resins is obtained by using solvents in the presence of non-solvents or polymers as a porogenic diluent. Because the reactivity of divinylbenzenes in free radical polymerisation is significantly higher than that of styrene, a rather heterogeneous structure is obtained [6] . The preparation of copolymers of trimethylolpropane trimethacrylate (TRIM) and methyl methacrylate (MMA) (see Fig. 1 ) is less complicated, because the reactivity of both monomers is about the same [9] . Because of the promising properties of MMA/TRIM resins [7] [8] [9] , these monomers were used to prepare a macroporous support by means of suspension polymerisation. The texture of the product strongly depends on the composition and the properties of the porogenic diluent.
Because it is difficult to predict the effect of these parameters quantitatively, several polymerisations have been carried out to optimise the polymer structure in terms of the average pore size and the number of residual C=C bonds. These C=C bonds are the binding sites of poly(4-vinylpyridine), the precursor of the cationic polymer used in this study. However, the block length of the grafted copolymer is strongly affected by the copolymerisation kinetics, represented by the reactivity ratios of 4-vinylpyridine (4VP) (1) and the residual C=C double bonds of TRIM (2) . Possible reactions in the TRIM/MMA resin are presented in Fig. 2 . If the reactivity of the C-C bonds in the methacrylate moieties of TRIM in the resin is assumed to be the same as that in MMA, some qualitative predictions can be given using the reactivity ratios of the system 4VP (1) and MMA (2) . A convenient copolymerisation of 4VP (active) growing chains with the residual C=C bonds in the resin may be expected from r 1 = 0.99 [10] (reaction 1 in Fig. 2 ). The value r 2 = 0.54 [10] suggests that the propagation of a 4VP polymer from the resin (reactions 3 and 6 in Fig. 2) can easily be performed. The cationic polymer can be formed by quaternisation of the pyridyl groups. The synthesis of this support and its performance towards the CoPcTS catalysed oxidative coupling of 2-mercaptoethanol is described in this paper.
Experimental
Synthesis of the polymer support TRIM (Merck, purity > 90%) and MMA (Merck, p.a.) were used without further purification. The copolymerisations were carried out in an all glass double walled cylindrical vessel (2 dm 3) equipped with 4 symmetrically located baffles. The impeller consisted of one set of three curved blades being placed at an angle of 10 ° to the impeller shaft [11] . A resin with a macroporous structure was prepared using two different methods. In the first method, toluene and iso-octane were used as polymer solvent and polymer non-solvent, respectively. In the second procedure, a solution of poly(methyl methacrylate) (PMMA) in toluene was used as porogenic diluent.
A polymerisation reaction according to the first method was carried out by charging the reactor with 0.5 dm 3 water containing 1.5% poly(vinyl alcohol) by weight (M w = 72000, Koch Light Laboratories Ltd.), 35 ml toluene and 35 ml iso-octane. Subsequently, 0.31 g azo-bis(isobutyronitrile) (AIBN, 98%, Janssen Chimica) dissolved in 6 ml MMA and 24 ml TRIM were added to the reactor. The impeller speed was adjusted to 300 rpm and the reaction mixture was treated with argon during 15 min to remove oxygen. After this the reaction was started by heating the reactor to 60°C. During the reaction an argon atmosphere was maintained. After 16 h, the reaction mixture was cooled to room temperature.
For the second method the procedure was modified to some extent. The reactor was charged with 250 ml water, 7.5 g NaC1, 0.25 g gelatin and 1.5 g of an aqueous solution containing 25% poly(acrylic acid, sodium salt) by weight (M w = 140000, Polysciences Inc.) [12] . The pH of the water phase was adjusted to a value between 8 and 9 with a few drops of concentrated ammonia. Subsequently, 0.47 g AIBN dissolved in a mixture of 9 ml MMA, 36 ml TRIM and 80 ml toluene containing 15% PMMA by weight (M w = 79500, M n = 42700 by gel permeation chromatography) were added to the reactor. The polymerisation temperature was kept at 70°C and the reaction time was 20 h.
The products were filtered on a glass filter, washed two times with water and extracted overnight with acetone in a Soxhlet apparatus. The polymer beads were subsequently dried in a vacuum at 60°C for 24 h, and sieved in an air jet sieve.
Immobilisation of poly(4-uinylpyridine) on the resin
Before use 4VP (Janssen Chimica, 95% pure) was distilled under reduced pressure (P = 40 Pa, T = 34°C) and carefully stored under an argon atmosphere at -18°C. A 5 ml crimp top flask (Chrompack) was charged with 0.5 g resin, 4 ml 4VP and 39.1 mg AIBN (1% W//Wmonomer ). The vial was capped with a teflon coated rubber septum, which was punctured by two needles, one for the argon inlet and one for the argon outlet. Argon was bubbled through the flask during 15 min and the needles removed. The resin was equilibrated during 15 h. Reaction times were varied between 15 and 60 min; the temperatures were varied between 60 and 65°C. The reaction was stopped by cooling the vial in ice. Dissolved P4VP was removed from the resin by washing with ethanol on a glass filter until precipitation of P4VP could not be observed when the filtrate was poured into acetone. This washing procedure took about 24 h. Several reactions were carried out with different reaction times and temperatures.
Quaternisation of the irnmobilised poly(4-vinylpyridine)
A glass tube containing 3 g resin, 20 ml DMF and 5 ml methyl iodide, connected to a vacuum pump and a nitrogen gas supply by means of a three way valve, was cooled with liquid nitrogen and evacuated. After this, nitrogen was introduced and the tube was allowed to reach room temperature. Before sealing the evacuated tube, this procedure was repeated twice. The quaternisation process was carried out at 80°C, the reaction time was 30 h. The product was treated with deionised water until the conductivity of the surrounding liquid was lower than 1/zS cm-1 The resin was stored in deionised water.
Characterisation
Mercury porosimetry (Carlo Erba Strumentazione, Series 200) was used to determine the pore size distribution for pores larger than 3.75 nm.
The intraparticle surface area was measured by nitrogen adsorption according to the BET method (Areameter, Stroelein).
The intraparticle morphology was investigated with scanning electron microscopy (SEM) (Cambridge S 2000).
The reduction of the residual double bonds in the resin resulting from the reaction with 4VP was estimated with IR spectroscopy (Mattson, Polaris Fourier Transform Infrared Spectrophotometer). For this purpose the ratio of the absorbances of the C=C stretch vibration at 1639 cm -1 and the C=O stretch vibration at 1731 cm -1 of TRIM in the resin before and after modification with 4VP was used. The observed absorbance at 1731 cm -1 was corrected for the contribution of the C=O stretch vibration of the MMA units. For this correction the molar ratio of TRIM and MMA in the mixture before the suspension polymerisation was assumed to be equal to that in the resin. Further, the molar absorbances of the C=O stretch vibration of TRIM and MMA were approximated to be equal. The nitrogen content in the resin after the post copolymerisation with 4VP was determined by elemental analysis.
The degree of quaternisation was estimated from IR spectra using the ratio of the absorbance of the pyridine ring vibration at 1599 cm-1 and that of the C=O stretch vibration at 1731 cm -1.
The degree of quaternisation was also determined for some samples in which the iodide was first exchanged by OH-. These samples were treated wiih an excess of an aqueous 10 -2 M HCI solution. The excess HCI was titrated back with an aqueous 10 -2 M NaOH solution. During this potentiometric titration two equivalence points were observed: one corresponding with the excess free HCI, the other one, at a higher pH, corresponding with the deprotonation of the pyridine groups, which are not quaternised.
Catalyst preparation
Support particles with a diameter of ~ 25 /.~m were obtained by crushing the dried resin containing 0.3% N by weight in a mortar using liquid nitrogen, and sieving the resulting material in an air jet sieve. The mean particle size was determined by SEM. Hereafter the resin particles were dispersed in water and the water swollen resin particles were filtered off.
An aqueous 2 x 10 -4 M CoPcTS solution was added to an aqueous slurry containing 20% by weight of the water swollen resin.
After the addition of CoPcTS which took ~ 1 h, the slurry was shaken overnight. The adsorption process was carried out in an argon atmosphere. Oxygen was excluded carefully. The concentration of CoPcTS in the liquid surrounding the particles was determined using UV/VIS spectrometry (Hewlett-Packard diode array spectrophotometer, A = 662 nm [4] ).
The distribution of CoPcTS over the resin particle was investigated by SEM. The CoPcTS loaded resin was stored in water. Before use the adhering water was removed by centrifugation. The remaining water content of the resin was 59.6% by weight.
Kinetic runs
The equipment for the measurement of the rates of the batchwise oxidative coupling of mercaptoethanol (ME) has been described by van Herk et al. [13] .
The reaction medium consisted of 0.005 to 0.2 g of the water swollen resin and 0.1 dm 3 distilled water. Before the reaction was started, the vessel was evacuated to ~ 0.5 kPa and subsequently filled with oxygen under stirring (8 rps) until a partial oxygen pressure of 0.1 MPa was reached. This process was repeated twice. The desired pH was obtained by adding a small amount of an aqueous saturated sodium hydroxide solution. The reaction was started by injecting ME into the slurry. The reaction rate was determined by monitoring the oxygen consumption rate during the reaction.
Results and discussion

Preparation of the polymer support
The optimisation of the intraparticle morphology of the TRIM/MMA resin has been carried out by a variation of the volumetric ratio of the monomers and the porogenic diluent, the volumetric ratio of MMA and TRIM, and the nature and the composition of the diluent. The results of the characterisation of the isolated products in terms of pore size, pore volume and unreacted double bonds have been collected in Table 1 . This table shows that resins with pores larger than 1 /~m were obtained for copolymerisations with a 1 : 1 mixture of toluene and iso-octane and a large volumetric ratio of the diluent and the monomers. These resins also show a bimodal pore size distribution. A macroporous resin with very large pores has also been obtained by using a solution of PMMA in toluene as diluent (resin 7 in Table 1 ). This resin has an unimodal pore size distribution, see Fig. 3 . The mean pore size is ~ 0.7/zm. Similar results have been reported by Revillon et al. [14] , who prepared styrene-divinylbenzene resins with a solution of polystyrene in toluene as the porogenic diluent. Vigorous stirring of a 10% slurry in the reactor used for the kinetic experiments with an energy input of ~ 70 W/kg, showed that the mechanical strength of the resin prepared with a PMMA solution as a diluent is better than that of the resins obtained with log(10g*R) Fig. 3 . Pore size distribution of the TRIM/MMA resin prepared with a porogenic diluent solution of 15% PMMA by weight in toluene. Initial volume ratio of MMA and TRIM: 2/8; volume ratio of the diluent solution and the monomers: 7/3. Units: Vp in ma/kg and R in m.
mixture of toluene and iso-octane. SEM micrographs of the resins prepared with the PMMA solution showed no significant difference between the particle sizes before and after a stirring period of 15 min. Because this resin combines a good mechanical strength, a large pore size and a reasonable number of residual double bonds, it was used as the starting material for the post copolymerisation with 4VP. Table 1 ). b The conversions were determined with gas chromatography (Hewlett-Packard Gas chromatograph, model 5700A, equipped with a 10% carbowax column) using cyclohexanol as an internal standard.
Post-copolymerisation of the resin with 4-uinylpyridine
The influence of the reaction time and the temperature on the P4VP loading has been investigated. The results are presented in Table 2 . This table shows that the resin with 2.6% P4VP by weight has the largest pore volume and intraparticle area. This resin together with that containing 34% P4VP by weight were used for a further modification.
The average block length of the grafted P4VP was estimated from the reduction of the residual C=C bonds of TRIM during the copolymerisation and the total amount of 4VP immobilised in the resin. For a resin with a final P4VP weight fraction of 0.34, a reduction of the C=C bonds from 0.48 to 0.19 was observed. For this resin the average block length was estimated to be 11. This calculation procedure, however, may result in an underestimation of the block length because reaction of the initiator with the residual double bonds of TRIM does not necessarily lead to an effective graft site. For lower weight fractions of P4VP the decrease of the residual C=C bonds of TRIM was too small to be estimated with acceptable accuracy. However, considering the reactivity ratios of 4VP and the methyl methacrylate groups [10] , block lengths comparable with those in the resin containing 34% P4VP may be expected.
Schutten et al. [15] suggested that the upper limit of the block length may be equated to the degree of polymerisation of the homopolymerised 4VP extracted from the resin. Viscosity measurements showed that the number average degree of polymerisation for this polymer is ~ 120.
Unfortunately a more accurate determination of the block length of the grafted P4VP
is not yet possible.
Quaternisation
Figures 4a and b show the IR spectra of the resin containing 34% P4VP before and after the reaction with methyl iodide, respectively. The absorbance of the pyridine ring vibration after the reaction is much lower than that of the starting material, which indicates a high degree of quaternisation. From the ratio of the absorbances of the pyridine ring vibration at 1599 cm -1 and the C=O stretch vibration at 1731 cm -] it can be estimated that 80-90% of the pyridine moieties are quaternised. The degree of quaternisation of resins containing 2.6% P4VP by weight could not be determined with IR spectroscopy, because the intensity of the absorption band assigned to the pyridine ring vibration is too low. Potentiometric titrations also show that for this resin 80-90% of the pyridine rings are quaternised.
Adsorption of CoPc TS
The modified TRIM/MMA resin with a mean pore size of 700 nm, a P4VP content of Z6% by weight and a degree of quaternisation of 80-90% has been used for the kinetic experiments. The maximum amount of CoPcTS which can be adsorbed by this resin is 5.3 X 10 -4 mol per kg of the water swollen resin. SEM micrographs showed that CoPcTS was only adsorbed in the outer shell of the resin particles. The penetration depth was ~ 10% of the particle radius.
Performance of the catalyst towards the oxidative coupling of 2-mercaptoethanol
Reaction rates of the oxidative coupling of thiols depend on the CoPcTS loading on the catalyst support, the concentration of thiol and oxygen, the pH and resistances against mass transfer. Figure 5 shows the influence of the pH on the initial oxygen consumption rate per unit of mass of the water swollen resin [-r w 02 (mol/(kgresin's))] for two mercaptoethanol concentrations. The results show that the rate increases considerably with the pH for 7 < pH < 10. For higher pH values the rate remains almost constant within experimental error. The initial increase of the rate can be explained by realising that the thiolate anion is the reactive species in the CoPcTS catal- ysed oxidative coupling of thiols [16] . For pH values above about 10 the chemisorption of hydroxide ions will considerably compete with that of the thiolate anions. This competition leads to a slightly decreasing rate on increasing the pH above ~ 10.
Reaction rates as a function of the initial mercaptoethanol concentrations are collected in Fig. 6 . The results show a tendency towards saturation for mercaptoethanol concentrations above ~ 150 mol/m 3. This saturation effect is comparable with that of a latex system, prepared by emulsion copolymerisation of styrene and divinylbenzene in j 8 the presence of a block copolymer of styrene and 4-vinylpyridinium iodide [17] . For homogeneous 2,4-ionene [16] , the 2,4-ionene/ XAD-2 resin [4] and homogeneous qP4VP [17] saturation effects have been observed at significantly lower substrate concentrations. After a discussion concerning mass transport, the differences between these catalyst systems are discussed more quantitatively. The reaction rates (-r~) as a function of the CoPcTS loading of the support are collected in Fig. 7 . For CoPcTS concentrations up to 0.35 × 10 -3 mol/kgresi n there is a linear relationship between the reaction rate and the catalyst loading. Higher CoPcTS concentrations do not result in a significantly more active catalyst. The quite sudden change of the influence of the CoPcTS concentration on the rates may be attributed to a lack of residual binding sites for CoPcTS in the resin or by some precipitation of the Co complex. In the absence of CoPcTS the resin shows some residual activity towards the oxidative coupling of mercapoethanol. For a poly(styrene-b-qP4VP) latex system no activity has been observed without CoPcTS [17] .
Transformation of the observed rate data into the intrinsic performance of the catalyst requires a quantitative insight into possible mass transfer resistances. The mercaptoethanol concentration in the liquid phase exceeds the equilibrium concentration of oxygen by more than one order of magnitude. As a result the influence of transport of mercaptoethanol from the bulk liquid to the active sites on the rates is considered to be negligible. Therefore, only mass transport of oxygen has to be considered. Significant resistances can be located in the gas/liquid and the liquid/resin interface, see Fig. 8 . Further, intraparticle diffusion limitation may have some influence on the performance of the catalyst. The linear relation between the molar absorption flow rate of oxygen [-Ro2 (mol/s)] and the concentration of the resin presented in Fig. 9 , shows that the resistance against oxygen transport through the gas/ liquid interface is negligible. The oxygen concentration in the bulk liquid can therefore be equated to the equilibrium concentration corresponding to the oxygen partial pressure in the gas phase. Oxygen transport from the bulk liquid to the outer surface of the resin particles can be described by: mass transfer coefficient for oxygen transport between the bulk liquid and the outer resin surface, the density of the water swollen resin, the mean diameter of the resin particles, the resin concentration and the volume of the liquid phase (10 -4 3 mwater) , respectively. In all calculations the value of dp is 25 X 10 -6 m. For Presin an estimated value of 1000 kg/m3r~si, was used. For:
p kLs can be estimated by the following correlation reported by Asai et al. [18] :
For the molecular diffusion coefficient of oxygen in water, Do2 = 2.5 x 10 .9 mE/s [19] , the kinematic viscosity of water, u ---0.9 × 10 .6 m;/s and the power input of the impeller, •--71.4 W/kg, calculated according to Bates et al. [20] with an impeller speed of 43.3 rps, the liquid-to-resin mass transfer coefficient, kts, has been calculated to be (0.9 + 0.3) × 10 -3 m/s. Using the same value of E an almost identical result can be found with the equation derived by Sano et al. [21] . The latter relation has been used by Van Streun et al. [4] The influence of intraparticle mass transport on the observed rates has been estimated using the Weisz-Prater criterion [22] for the reaction rates related to the CoPcTS containing mass fraction of catalyst particles. Because the thickness of the CoPcTS containing shell, ~coacTS, is only 1.3 × 10 -6 m, which is much smaller than the radius of the resin particles, the reaction zone may be considered as a flat plate being open for mass transport only at the outer surface of the resin particle. Starting from the Weiss modulus, ~, for an nth order irreversible reaction, presented by Froment and Bischoff [23] , the following expression can be derived:
[ rW
where Do2(eff) and Ao2 stand for the effective diffusion coefficient of oxygen in the resin phase and the partition coefficient of oxygen between the resin phase and the surrounding liquid. The reaction order n may be approximated as zero for all experiments. This can be derived from the results of Van Herk et al. [13] , who reported that the CoPcTS sites in the homogeneous 2,4-ionene system are almost completely saturated with oxygen for [O 2] > 1.0 mol/m 3. The influence of intraparticle diffusion limitation on the rates of zeroth order reactions becomes significant if • > 1 [23] . The values of Ao2 and Do2(eff) are taken as unity and 0.5 × 10 -9 m2/s, respectively. The value of Do (eff) has been estimated for the macroporous poly (styrene-divinylbenzene) resin (XAD-2) [4] and is probably significantly lower than that for the catalyst support investigated in this study, because the average pore size of the TRIM/MMA resin (700 nm) is much larger than that of the XAD-2 resin (10 nm). Therefore, the calculation may lead to some overestimation of the influence of pore diffusion limitation. Because the reaction is approximately zero order in oxygen, the estimated concentration gradients between the bulk liquid and the outer surface of the resin do not influence the performance of the catalyst. Therefore, the variation of -r w with the mercap-02 toethanol concentration originates only from intrinsic kinetic effects. The results in Fig. 6 point to simple single substrate MichaelisMenten kinetics:
The turnover frequency, k, at substrate saturation and the Michaelis constant, KM, calculated by plotting 1/(-r~2) against 1/[ME] are 295 mol O2/(mol CoPcTS.s) and 169 mol/m 3, respectively. The difference between the experimental values of -r w and 02 those calculated with these values of k and K M was always less than 10%. Turnover frequencies and Michaelis constants for the oxidative coupling of mercaptoethanol catalysed by some different CoPcTS containing catalysts are collected in Table 3 . These data show that the immobilisation of qP4VP on the TRIM/MMA resin leads to a much smaller reduction of the Table 3 , except that for the 2,4-ionene/XAD-2 resin; (E) data for the 2,4-ionene/XAD-2 resin.
turnover frequency than the immobilisation of 2,4-ionene on the XAD-2 resin. This result may be attributed to the large pore diameters of the TRIM/MMA support as compared with those of the XAD-2 resin. The tendency towards mercaptoethanol chemisorption decreases strongly on immobilising the qP4VP on the TRIM/MMA support. For the 2,4-ionene/XAD-2 resin the influence of immobilisation on the chemisorption of mercaptoethanol is much smaller. Figure 10 shows that with the exception of the data for the 2,4-ionene/XAD-2 system, the turnover frequencies and the Michaelis constants given in Table 3 approximately obey a linear free energy relation. Reactions obeying a linear free energy relation usually follow an identical reaction mechanism [24] . As compared with the homogeneous 2,4-ionene system immobilisation of the cationic polymer in the pores of the XAD-2 resin probably leads to a significant change in the reaction mechanism, resulting in considerable loss of activity. However, immobilisation of qP4VP on the TRIM/MMA resin and polystyrene-b-qP4VP on latex particles do not result in a significant change of the reaction mechanism. Therefore immobilisation only leads to a rather limited loss of activity for these systems.
The kinetic results point to the fact that the catalytic activity after immobilisation can be retained more or less when the chain flexibility of the cationic polymer and its accessibility for CoPcTS and the reactants are comparable with the corresponding properties in the homogeneous situation.
Conclusions
Macroporous resins with pore sizes of ~ 1 tzm can be prepared by suspension polymerisation of TRIM and MMA.
The pore size and the number of residual double bonds of TRIM strongly depends on the nature and the composition of the porogenic diluent.
Quaternised poly(4-vinylpyridine) can be grafted on the residual double bonds of TRIM in the resin.
The catalytically active complex (CoPcTS) for the oxidative coupling of thiols is only adsorbed in the pores located in the outer shell of the resin.
The influence of mass transport on the observed kinetics is negligible under the experimental conditions used.
The oxidative coupling of 2-mercaptoethanol obeys single substrate Michaelis-Menten kinetics.
Immobilisation of a cationic polymeric cocatalyst for the CoPcTS catalysed oxidative coupling of 2-mercaptoethanol can be combined with considerable retention of activity when the microenvironment of the active CoPcTS centres is comparable with that in the homogeneous situation. 
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